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EFFECT OF FIRST-STAGE GEOMETRY ON AERODYNAMIC
CHARACTERISTICS IN PITCH OF TWO-STAGE ROCKET
VEHICLES FROM MACH 1.57 TO 2.86

By William A. Corlett and Celia S. Richardson
Langley Research Center

SUMMARY

An investigation has been conducted to determine the effects of first-
stage geometry on the longitudinal aerodynamic characteristics of two-stage
rocket vehicles at Mach numbers 1.57, 2.16, 2.50, and 2.86. The results indi-
cate that reducing the diameter of the first-stage configuration or varying the
length of a conical fairing between stages has only small effects on the normal-
force and pitching-moment coefficients. However, a decrease in the first-stage
diameter results in a large increase in the axial-force coefficient, but this
increase can be significantly reduced by the addition of boattail fairings.

INTRODUCTION

The National Aeronautics and Space Administration has for some time been
staging launch vehicles for specific payload missions. The staging of a launch
vehicle is dependent upon the diameter and the thrust characteristics of avail-
able rocket engines, and often vehicles are staged so that the payload has a
greater diameter than the rocket engine or engines of the previous stages. For
vehicles in which the stability and performance are critical to the mission
requirements, geometric differences between stages have been a matter of con-
cern to the designer. Examples of such configurations are the Trailblazer I
(ref. 1), the Trailblazer II (refs. 2 and 3), and the Little Joe-Apollo combi-
nation (ref. 4).

A series of two-stage launch vehicles were designed and tested to provide
some information of general usefulness on staged vehicles with geometric dif-
ferences between stages. Geometric differences consisted of systematic varia-
tions in the first-stage length, diameter, and boattail fairing. The tests
were performed in the Langley Unitary Plan wind tunnel at Mach numbers of 1.57,
2.16, 2.50, and 2.86 at a constant Reynolds number per foot of 2.4 x 106. The
angle-of-attack range was from about -5° to 10°.



SYMBOLS

The coefficients of forces and moments are referred to the body-axis sys-
tem. (See fig. 1.) Aerodynamic moments for all configurations are presented
about a point 11.069 inches aft of the model nose. All coefficients are based
on the maximum cross-sectional area and diameter of the second stage.

A maximum cross-sectional area of second stage, 0.08727 sq ft

Ca axial-force coefficient, ixial force

gl
- ial T
Ca,p base axial-force coefficient, Base axial force
A, gA
Ca.c chamber axial-force coefficient, Chamber axial force
2 qA
Ca.0 axial-force coefficient at angle of attack of O°
g4
Cm pitching-moment coefficient, Pitching moment
gAd
, Cy
Co slope of pitching-moment curve at o = 0O, 8;_’ per deg
a
Cy normal-force coefficient, Ngzmglzigzgg
q
C sl of normal-force cur t = Q0% égﬂ a
Vo, ope -force curve at a = P per deg
a maximum diameter of second stage, 4.00 in.
d, base diameter of first stage, in.
lg length of boattail measured parallel to body axis, in.
lg length of first stage, in.
M free-stream Mach number
q free-stream dynamic pressure, lb/sq ft
r radius, in.
od angle of attack, deg
6 angle of boattail taper, deg




MODEL

Dimensional details of the model are presented in figure 2. Photographs
of two different test configurations are shown in figure 3. Bach configuration
utilized the same second-stage or payload section which consisted of a blunted
240 half-angle nose cone followed by a 12-inch cylinder with a diameter of
4.00 inches.

The geometry of the first stage was varied both in length and in diameter.
The 20-inch, 12-inch, and 8-inch first stages, referred to herein as long,
intermediate, and short first stages, respectively, were tested with diameters
of 2.20 and 3.00 inches; the long and intermediate configurations were also
tested with a base diameter of 4.00 inches. The length of the first-stage
fairing, which is referred to as boattail length, was varied from O (i.e.,
sharp break in diameter between stages) to 4, 8, 12, or 20 inches, depending
on first-stage length. Two sizes of cruciform fins oriented in the horizontal
and vertical planes were tested. The larger fins had areas of 12.62 square
inches, and the smaller fins had areas of 5.16 square inches. (See fig. 2.)

TESTS, CORRECTIONS, AND ACCURACY

The investigation was conducted in the low Mach number test section of
the Langley Unitary Plan wind tunnel. The test section is about 4 by L4 feet
square and about 7 feet long. The nozzle leading to the test section is of
the asymmetric-sliding-block type, which permits a continuous variation in
Mach number from 1.47 to 2.86 without tunnel shutdown. Aerodynamic forces and
moments were determined with an electrical strain-gage balance mounted within
the model.

Tests were made through an angle-of-attack range from approximately -5° to
10° at an angle of sideslip of 0°. Angles of attack have been corrected for
both tunnel flow angularity and deflection of the balance and sting due to
aerodynamic loads. The axial-force data have been adjusted to free-stream
static pressure acting over the model base and chamber. Typical values of
combined base and chamber axial-force coefficients are presented in figure 4.

The test conditions for the investigation were as follows:

Mach Stagnation St;gnation
number temperature, OF pressure, lb/sq ft
1.57 125 | 1283

2.16 125 1610

2.50 150 2028

2.86 150 2k58




The Reynolds number per foot was maintained constant at 2.4 X 106. The stag-
nation dewpoint was maintained below -30° F in order to avoid condensation
effects. Carborundum grains with a diameter of approximately 0.0l12 inch were
affixed around the model 1 inch aft of the nose in a 1/16-inch-wide strip to

assure turbulent flow over the model.

The estimated accuracies of the data, based on calibrations and datae
repeatability, are within the following limits:

Cap - . .. . . e e e e e e e e e e +0.003
Cy - - . . . . . .. . . e e e e e e e e e e +0.020
Cm - . e . . . . . e e e e e e e e e e . +0.018
L . . e e e . e e e .« e . . . e e e e $0.015
a, deg « . . . . . . .. . . +0.10

RESULTS AND DISCUSSION

The aerodynamic characteristics in pitch for various configurations of the
model are presented in figures 5 to 8 for the long first stages, in figures 9
to 12 for the intermediate first stages, and in figures 13 and 14 for the short
first stages. The effect of the ratio of the first-stage diameter to second-
stage diameter on the longitudinal aerodynamic parameters is presented in fig-
ure 15 and the effect of boattail length on the longitudinal aerodynamic param-
eters is presented in figures 16 to 21. An outline of the contents of these

data figures is as follows:

Figure
Aerodynamic characteristics in pitch:
Long first stage:
Fins of f . . ¢ v ¢ ¢ v vt t e e e e e e e e e e e e e e 5
Small fins; 1g/d = 2 .« . « « o o v o oo v e e e e 6
Large Tins . . v ¢« v v ¢ v v v v v e v e e s e e e e e e e e e . 7
dg/A = 1.00 « vt i e e e e e e e e e e e e e e e e e e e 8
Intermediate first stage:
Fins of f . . © v ¢ ¢ o 4 v v i e d e e e e e e e e e e e e e e e 9
Small fins . . . . . . e e e e e e e e e e e e e e e e e 10
Large Fins . « + « v v v o ¢« v 4 e e s e e e e e e e e e e e s 11
T s O« J 12
Short first stage:
FINs OFF v v v e e e e e e e e e e e e e e e e e e e e e e e e e 13
Large fins . . . . . . et e e e e e e e e e e e e e 14
Effect of the ratio of first-stage diameter to second-
stage diameter on the longitudinal aerodynamic parameters.
Fins off; lB/d O o 1O 15



Figure
Effect of boattail length on longitudinal aerodynamic parameters:

Fins off; dg/d = 0.55 . . & v v v v v v i v e e e e e e e e e 16
Fins off; dg/d = 0.75 . « . & v v v v v v v v v v e e e e e e e e e 17
Small £ins; da/@ = 0.55 « + + « v v v e e e e e e e e e e e e e 18
Small fins; da/d = 0.75 ¢ 6 i 6 e s e e e s e e e e s s e e e e e e 19
Large fins; da/d = 0.55 . « + v v v v 4 v 4 vt e e e e e e e e e e 20

Large fins; dg/d = 0.75 « « & v v ¢« « o v 0 4 v v e e e e e e e e 21

The summarized data in figure 15 indicate that there is no significant
effect of first-stage diameter on Cyx_  and little effect on Cma except for
a

a slight reduction in stability as the first-stage diameter is decreased.
However, a decrease in first-stage diameter causes a significant increase in
axial force. It should be noted that these axial-force data are adjusted for
base pressures corresponding to free-stream static pressure, and therefore
they represent the net external axial force on the configurations. For these
data to be comparable, the base must be completely filled with rocket exhaust.
Essentially the same results were obtained with fins on. (See, for example,
figs. 10 and 11.)

The effect of boattail length on the longitudinal aerodynamic parameters
is presented in figures 16 to 21. The addition of a boattaill produces a small
reduction in Cy and generally causes a destabilizing increment of Cp.

o

The major effect of the addition of a boattail is that it provides a substan-
tial reduction in axial force which becomes more pronounced as the boattail
length is increased. The effects of boattail addition are essentially the
same for fins off or on.

CONCLUDING REMARKS

An investigation has been conducted to determine the effects of first-
stage geometry on the longitudinal aerodynamic characteristics of two-stage
rocket vehicles at Mach numbers 1.57, 2.16, 2.50, and 2.86. The results indi-
cate that reducing the diameter of the first-stage configuration or varying the
length of a conical fairing between stages has only small effects on the normal-
force and pitching-moment coefficients. However, a decrease in the first-stage
diameter results in a large increase in the axial-force coefficient, but this
increase can be significantly reduced by the addition of boattail fairings.

Langley Research Center,
National Aeronautics and Space Administration,
Langley Station, Hampton, Va., December 8, 196k4.
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Figure 1.- Body system of axes with positive coefficients and angle of attack shown.
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